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Abstract: The microstructure evolution of Ti64 has been simulated to investigate the effect of dif-
ferent factors on the martensitic transformation (MT) in an elastically homogeneous system within
a single parent grain by many researchers. In the present case the MT in a polycrystalline aggregate
is considered taking into consideration the inhomogeneous elasticity of different orientations. In the
present work, the phase- field modelling (PFM) is employed to study the microstructure evolution
of nucleation and growth in different conditions during MT for Ti-6Al-4V polycrystalline alloy in
two dimensions, including external tension/compression loading, with and without plastic defor-
mation and strain hardening. Results indicate that the grain boundaries are the prior sites for nucle-
ation of martensite plates, and the external loading and plastic deformation can influence the mi-
crostructure to a large degree. It can be concluded that the change of elastic strain and stress in the
simulated system, including the applied loading, strain relaxation at grain boundaries and plastic
deformation are important features during MT. The martensitic product structure can be predicted
with the current polycrystalline phase field model.

Keywords: Ti-6Al-4V; martensitic transformation; phase field simulation; polycrystal; inhomogene-
ous elasticity

1. Introduction

Martensitic Transformation (MT) is a widely observed metallurgical phenomenon in
different metals and alloys, which produces complex microstructure with multivariant
product o variants [1- 5]. Materials with martensitic microstructure are of significant im-
portance for a wide variety of engineering and industrial applications. Many research
works have been reported with the purpose of explaining the crystallographic features
through different simplified phenomenological models [6- 8].

However, the phenomenological models are not able to simulate the microstructure
evolution under different conditions, which is important to control texture and micro-
structure and subsequently the final mechanical properties of the material. Since the mi-
cro-elasticity theory was proposed by Khachaturyan and Shatalov [9- 10] (KS theory),
Phase Field Modelling (PFM) has been extensively employed to study the microstructure
evolution, crack propagation, dislocation dynamics and other related phenomena with
combination of KS theory [11-13]. Wang built a comprehensive 3D PFM to capture the
main crystallographic features by considering the internal transformation strain during
MT [14]. Later on, a PFM coupled with chemical element potential was extended to poly-
crystalline systems by Jin [15] and Shi [16] with the virtual work theory. The dislocation
dissociation and effect of defects on microstructure were also investigated through PFM
simulation [17- 19]. Because most materials in engineering and industrial applications are
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of a polycrystalline nature, it is important to predict the martensitic microstructure in pol-
ycrystals for material design and texture control purposes for different engineering appli-
cation conditions. In the elastically inhomogeneous polycrystalline system, besides the
interaction between grain boundaries and solute atoms, the presence of an internal stress
field because of interacting crystallographic martensitic variants from different parent
grains plays an essential role in microstructure evolution. In order to calculate the me-
chanical strain and stress fields within a heterogeneous polycrystalline assembly, two dif-
ferent PFM methods were proposed: (i) equivalent eigenstrain simulation system by
Wang et al. [20] and (ii) efficient iterative-perturbation technique with Fourier spectral
method by Hu and Chen et al. [21- 23]. Recently, the Hu- Chen iteration schedule was
employed to study the hydride microstructure formation and interaction between defor-
mation twins and grain boundaries in polycrystals [24- 25]. Those calculation methods
largely extend the application potential of PFM in material science and engineering.

Compared with a single crystalline material, the complication of simulating a poly-
crystalline assembly is caused not only by the elastic heterogeneity, but also by the strain
relaxation at grain boundaries and the plastic deformation accumulated by growth of mar-
tensite plates. Guo et al. [26] introduced the plastic deformation for microstructure evolu-
tion in an elastoplastic phase field model. This model allows the elastic strain during MT
to be relaxed partly by plastic deformation with an extra TDGL (Time-Dependent Ginz-
burg Landau) equation once the local stress exceeds the assumed yield stress [27- 29]. It
has been shown that the plastic deformation can change the morphology of variant plates
somehow and favor the procedure of martensitic transformation in different boundary
conditions [30]. In a more complicated approach, the strain hardening was taken into con-
sideration to investigate the effect of grain size on martensite formation in steels within a
linear isotropic relationship by Yeddu [31]. Another relaxation mechanism for transfor-
mation strain is related to the grain boundaries. The phenomenon of grain-boundary re-
laxation on plasticity of nanocrystalline Fe has been observed [32]. By assuming that GBs
have an open internal structure, ignoring the interaction of dislocations within grain
boundaries, the product martensitic variants should nucleate at grain boundaries due to
the grain-boundary relaxation on misfit strain. Heo et al. [33] proposed a misfit strain re-
laxation parameter and studied the effect of this parameter and curvature of grain bound-
ary on the nucleation mechanism around grain boundaries in polycrystals. Besides the
effect of internal factors within polycrystals, it has been proven that the interaction be-
tween external loading and internal elastic strain can favor or suppress the growth of se-
lected variants during MT within a single crystal [34- 35].

In this study, the microstructure evolution is investigated with different conditions
in polycrystalline parent grains. For simplicity, two alpha variants of Ti-6Al-4V alloy are
under consideration in 2D dimensions. Simulation of nucleation and growth of variants
with and without applied stress, plastic deformation and strain hardening are conducted.
Finally, the microstructure evolution with the condition of mixing all internal and external
factors that can change the stress and strain fields are captured in 2D and 3D dimensions
is the main objective in the present paper; i.e. to simulate the microstructure evolution
under relatively realistic condition.

2. Phase-field modelling

For polycrystals, under isothermal conditions and ignoring the solute-grain bound-
ary interaction effect, the microstructure evolution is governed mainly by the Gibbs free
energy G, which is composed of four components: the chemical free energy G"*™, the
gradient energy G97%, the elastic strain energy G® and the mechanical energy through
external loading G*PP":

G= [(Gem + G 4 G + GPPHydy 1)

Similar to the Gibbs energy formula, different energy can be constructed with the
non-conversed structural parameters 7,4(r,t) that are located between 0 and 1, where
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Npg (T, t)=1 means that the point r is located in the pth martensitic variant from the gth
parent grain, while 7,,(r,t)=0means the point r is out of pth variant from the gth parent
grain. The different types of energies considered in this phase field model will be ex-
plained in the following sections.

2.1. Chemical free energy

By setting the temperature and pressure as constants, the local chemical free energy
without solute drag effect around the grain boundary is given as [30, 33]:

G = 8 Ty g (1) =3 S p g (0, +5 (e Ty )] ()

Based on Yeddu [30], the Landau coefficients A, B and C are related to the driving
force AG,, and the Gibbs activation energy barrier AG* that prevents the martensitic
transformation to proceed by A= 324G*, B= 3A+ 124G,, and C= 2A+ 12A4G,,, while the
driving force is the difference of Gibbs free energy between § and o phase in equilibrium
state, V,, is the molar volume.

2.2. Gradient energy

In polycrystals, the gradient energy under a non-equilibrium condition at the grain
boundaries is expressed as:

d_ 1 ar]pg(r:t) arlpg(r't)
GIT = ~¥ g Xpkijpgl o ”a—le 3)

Where k;;,, is the gradient energy coefficient in the form of a symmetric tensor that
characterizes the gradient energy within boundaries of different variants. From Shi’s work
[34], due to the dislocations and structural ledge in different facets of variants, the inter-
facial energies depend on the misorientation between variants. In polycrystals with dif-
ferent crystallographic orientations of parent f§ grains, the anisotropic interfacial energy
function of the parent structure is not known in detail. Therefore, in the current work we
assume that the interfacial energy of the parent structure is isotropic. As a result, the k;; ,,
is set to be a constant k related to the interfacial energy y by the following equations
[30]:

x _ 3YVm _ ﬂ
A6 = Gy k= )

Where 6 is the interface thickness.

2.3. Elastic energy

In the MT, the elastic strain energy triggered by misfit strain between parent grains
and product variants is one of the main contributions to the thermodynamics and kinetics
of martensitic transformation. In a polycrystalline system, the eigen strain of different var-
iants is dependent on the orientation of parent grains as:

e’ 0, 9) = aj e’ ay 6)
cos a sina
ad = [ Y ! ] ©6)
—sina, cosa,

Where £2°(p) is the eigen strain of the pt variant from the reference parent grain,
a9 is the rotation of the gth parent grain with respect to the reference parent grain in 2D,
and the rotation in 3D is a 3x3 matrix [33]. Hereafter, the Einstein summation notation is
applied for all tensorial relations. In the current work, the reference coordinate is set the
same as in Shi’s work [34]. Accordingly, with the assumption that the elastic tensor of the
o phase is the same and isotropic as the one of the § phase, the elastic stiffness is a position-
dependent modulus, which can be calculated as:

Cp qrs > = Zg ¢g @ C?j?{?o )
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Where ¢4(r) is the structural parameter of the g parent f grain, and Cjy;° is the
elastic tensor in the reference coordinate system. Eq. (7) results in a smooth transition of
the elastic tensor across grain boundaries between parent grains. The local eigen strain in
poly-crystals is position-dependent with a linear relationship, as:

(1) = T TpTpg(r,0) €5’ (0, 9) ®)

When the MT is progressing, the nucleation and growth of new variants lead to local
deformation with small displacement ul-(r), thus inducing the local actual strain &;;(r).
By following Khachaturyan and Shatalov’s scheme [9- 10], the ¢;;(1) can be separated in
a homogeneous strain £;; and a heterogeneous strain §¢;;(r). Based on the small-strain
approximation, the &; and &¢;;(r) are expressed as :

g;(r) = g; + 6g;(r) (9a)
Eij = ifsij(r)dv (9b)

i dui(r)
0y () = S5+ =0 (90)

The local elastic strain sfj’ (r) is the difference between the local actual strain and the
local eigen strain, given by:

eff (1) = &;(r)- f() (10)

Since the mechanical equilibrium is established fast and assumed to be reached in-
stantly, the following equation for mechanical equilibrium is employed [29]:

0;j(r) = Cijra(Mefi(r) (11a)
aaij(r) _
AL (11b)

J

Different from the elastically homogeneous single crystal, the heterogeneous strain
fields are different among different parent 3 grains. In order to compute the elastic strain
in a polycrystal, the Hu-Chen scheme [21- 23] is employed here. The position-dependent
elastic tensor Cpgps(1) is divided in two parts: the constant homogeneous part Cjere’

pqrs
the heterogeneous part C}¢t¢" (r) related to the position:

and

_ refer _ refer g 9 9 .9 refer
Cpqrs(r) - Cpqrs + Czﬁl;ﬁﬁr(r) - Cpqrs + (Zg ¢g (r)aipajqakralsci(;'g(l)o - Cpqrs (12)

Where the ([} is the average of maximum and minimum of Cyq(r). In this
study the elastic displacement u;(r) is computed iteratively until the convergence v of
displacement is smaller than the pre-set tolerance 10 in 2D:

v = VA0 =) + g - )l (13)
Finally, the elastic strain energy G¢ is given as:

G = Cijra (Meff (MR (1) (14)

2.4. External loading energy

Under the external loading o;"”, the mechanical strain energy due to interaction

between applied stress and elastic strain &f! is:

Gappl — _O_i‘;pplgiejl (T) (15)

2.5. Kinetic function

Because no long-range diffusion occurs during MT, only the Allen-Cahn equation,
also known as time-dependent Ginzburg-Landau (TDGL) equation, is employed in the
present work to capture the microstructure evolution:
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2
- = ¢g(r)[—L% + ¢, 0] (16)

Where L is the kinetic coefficient and ¢, 4(r, t) is the Langevin random noise term
that describes the local thermal fluctuation of the structural order parameters [36-38]. In
Ref. [36-38], the details of Langevin random noise are explained. Different to the TDGL
equation for a single crystal, the extra factor ¢,(r) in Eq (16) represents the structural
parameter of parent grains, which can guarantee that only the variant 7,, is evaluated
within the g parent grain.

2.6. Nucleation model at grain boundaries

Theoretically, defects such as grain boundaries may act as prior nucleation sites as
observed by Olson et al. [39- 40]. In order to simulate the event of nucleation at grain
boundaries, the nucleation model proposed by Heo [33] is implemented here. In terms of
grain boundary relaxation on transformation strain, Eq. (5) is modified with a interpola-
tion function Yi(r), as:

e, 9,17) = w(raga;e’ ®) 17)

The interpolation function i(r) is related to the structural parameters ¢,(r) of par-
ent grains and a grain boundary relaxation parameter p, in the following manner:

IIJ(T) — p(Pmax—0 @)+ (@) —Pmax) (].8)

Pmax—Pmin
@(r) = Xg050) (19)

Where @pq, and @, are the maximum and minimum value of ¢(r). In this
study, the effect of the grain boundary relaxation parameter p and the curvature of grain
boundary are not taken into consideration. Therefore, p is set as a constant, and the par-
ent grains map is obtained by the simple Allen-Cahn equation.

2.7. Plasticity and strain hardening model

Normally, due to the thermal activation of dislocation movement by increasing tem-
perature, the yield stress of most materials keeps decreasing and plastic deformation oc-
curs easily. In Ti-6Al-4V alloy, the temperature of the martensitic transformation is above
900 K and the yield stress is ~ 500MPa [42- 44]. Hence, plastic relaxation following elastic
strain should be considered. Additionally, the phenomenon of strain hardening will take
place with plastic strain accumulation during growth of the martensitic plates. The plas-
ticity and strain hardening model will be explained in detail below.

With MT progressing, the local equivalent stress may exceed the yield stress, subse-
quently local plastic deformation occurs and a part of the local actual stress is relaxed.
Although Ti-6Al-4V is a highly anisotropic alloy, the yield stress surface is assumed to be
isotropic for simplicity. Assuming that the Ti-6Al-4V alloy is perfectly elastic- plastic with-
out strain hardening, the yield stress is considered to be constant. The Von Mises yield
criterion is considered here [29- 31]:

2 2 _ 2 2 2 2
O-eq - O-y - 0-11 - 0-110-22 + 0-22 + 3012 - O-y > 0 (20)

Once the Von Mises equivalent stress is larger than the yield stress, local plasticity is
initiated. The evolution of local plastic strain is related to the elastic shear strain energy

density GS"%" and governed by another TDGL equation [26]:
68?-l(r) gGShear
Y g 2

ot - ijkl agzll(r) (21)

Where K;ji, = (k¢ jkl)‘l is the plastic kinetic coefficient that controls the local plas-
tic strain relaxation effect, c;j; is the local elastic tensor in Eq. (7), and k is a constant for
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G shear

simplicity. The elastic shear strain energy density is a function of local elastic

shear strain as:
Ghear = %f Cijkl(eij(r)' eioj(r))(eij (r)- eioj(r))dv (22)

Where e;;(r) and eioj (r) are the deviatoric strain components of local actual strain
and local eigen strain. It should be pointed out that with consideration of plastic defor-
mation, the local actual strain is partly relaxed by plastic strain. Therefore, the local actual
strain (Eq. (9a)) should be modified as:

g;(r) = &; + 8g;;(r) + sipjl(r) (23)
And the deviatoric strains of local actual strain and eigen strain in 2D are:

e (1) = &) — S&,;(r)5y (24a)

efi(r) = e)(r) - %sioj (r)6;; (24b)

Where §;; is Kronecker delta function.
When strain hardening is considered, the yield stress changes as a function of micro-
structure evolution and is expressed as summation of yield stress from revised Hall-Petch

effect gy and strain hardening oy

o,(r) = oy (@) + o) (1) (25)

The yield stress o)) (r) obtained from the revised Hall-Petch effect is related to the
volume fraction of local a variants based on the report by Galindo-Fernandez [45]. The
gy (r) is obtained through the Johnson-Cook hardening law [46], as:

op(r) = [04 g Zp Mpe (1) + 0p(1 = g Xp17(1) + %]F(T, €) (26a)

wub3

F(T, &) = ( ) HP (26b)

__oub
kpTIn(10"/,)

T-Ty

o3 ) = [a+b(1+minL) ()] (1 + clni) [1— (Cyme] (260)

Tyn—Ty

With Eq. (26), the local yield stress is related to the local variant volume 7,4(1)
which is the volume of the p* martensite product variant originating from crystal orienta-
tion g of the parent structure with local plastic equivalent strain &,,(r). Here, the strain
rate £ isassumed to be 1 and have no effect on the local yield stress. The physical meaning
of other parameters can be found in Ref. [45- 47].

3. Simulation parameters and models

In the current study the following simulation parameters are used:

(1) the simulation system consists of 1024* 1024 grid points with a mesh size of 25 nm
in 2D dimensions. 16 parent 3 grains are prepared through the TDGL function, and the
structural parameters of parent grains sum up to 1: ¥32; ¢,(r) = 1. For simplicity, only
two o variants can be transformed from a single parent 3 grain, i.e. p = 1, 2 in the above
equations. Based on Shi’s work [34], the considered 2 variants are selected by setting the
orientation of parent grain as (0 0 0) and ignore the small component along z axis being
0.0003. Therefore, all the SFTS and elastic tensors need to be rotated based on the crystal-
lographic orientation of corresponding parent 3 grains;

(2) the driving force AG,, is obtained based on Lindwall’s work [43] by setting tem-
perature at 1073 K and the equilibrium compositions of o and B phases as Ti-10.25A1-3.21V
and Ti-9.01A1-10.99V (at%), respectively.

(3) the thickness of the interfacial region is 5 grid points and the interfacial energy is
50 mJ/m?. The kinetic coefficient L and time step dt are 1.6 * 1077]/m3/s and 2 % 1073s,
respectively. The molar volume V,, is assumed to be 10~°m3/mol [34]. All the simula-
tions are conducted with clamped boundary conditions.
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(4) the elastic tensor of the o phase is assumed to be the same and isotropic as the one
of the § phase, which is taken as: ¢;; = 97.7GPa, ¢;;, = 82.7GPa and c,, = 37.5GPa in
Voigt notation. The eigen strain of 2 variants in reference state is given as :

000 000
000(1) _ 511 ggogo] , 000(2) _ 522 55080]

Where £{%=-0.049 and £29°= 0.067, taken from Ref.[34]. The orientations of 16 par-
ent B grains are taken randomly.

(5) with regard to the external loading, the applied tensile and compressive stress is
50MPa along Y direction, which has obvious effect on the microstructure. More details
about the applied stress can be found in the Ref. [34- 35]. The yield stress is set as 880MPa
without considering strain hardening at room temperature [49]. And the simulation pa-
rameters for strain hardening described by Eq. (25) and (26) can be found in Ref. [45- 46].

(6) for the nucleation event, Langevin random noise is added in the early simulation
stage, while for growth event under different conditions, a small seed with 2x2 grids is
put in the center of the simulation map without random noise in Eq. (16).

(7) in terms of microstructure evolution in 3D dimensions, the simulation model is
conducted with nucleation and growth under conditions of external compression loading
and plastic deformation with strain hardening. The functions that relate mechanical stress
and strain fields are needed to extend into 3D dimensions. The structural map consist of
8 parent B grains with random crystallographic orientations transforming to 4 different
o variants with following eigen strain in reference state:

(27)

—0.0490 —0.0031 0 '—0.0490 0 —0.0031]
e°(1) = [-0.0031  0.0670 0 , &%) = 0 —0.0003 0

0 0 —0.0003 |—0.0031 0 0.0670 |

" 0.0334 —0.0222 —0.0253] 1 0.0334 —0.0253 —0.0222]

e?°(3) =[—-0.0222 —0.0100  0.0412|, &°(4) = [-0.0253 —0.0056  0.0412

[—0.0253  0.0412 —0.00561 [—0.0222  0.0412 —0.01001

(8) based on Heo and Yamanaka’s work [28, 33], the grain boundary relaxation pa-
rameter p is taken as 0.29 (Eq. (18)), the plastic kinetic coefficient k is take as 0.001 (Eq.
(21)).

(9) the morphology of the transformed o variant is outlined based on the condition :

2
Npg(r) > 0.5.

(10) for convenient calculation, the TDGL equation is implemented in a reduced scale.

All calculated parameters are dimensionless based on Ref. [50]. The energy scaling factor
and normalization factors are set as AG= |4G,,|(driving force), AM = 10~! m? mol/]/s.
(11) all recorded videos of the simulations with different conditions are shown in the
supplementary materials section.
With simulation parameters above, several simulations are performed in different
conditions below:
Table 1 Phase field simulation cases with different conditions

Nucleation Growth
Case 1 A A
Case 2 B B
Case 3 C C
Case 4 - B+C
Case 5 - B+D+E

A: No applied stress; B: Tension along Y axis; C: compression along Y axis;
D: Plastic deformation; E: Strain hardening
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4. Results and discussion

4.1. Parent f grains map preparation

To simulate the martensitic transformation from the 8 phase to the o phase in a poly-
crystal, the structural map with 16 f grains is prepared firstly by a simple TDGL equation
below:

1 1 1 3 1 2
F=[G—5252105 +7 252105 + 55581 Tata dpda + 5% 2 532V | Ddv  (28a)
q#p

a
— = — (28b)

16 randomly distributed seeds are set as the initial microstructure, and enough evo-
lution time is guaranteed to make sure that the prepared initial microstructure is occupied
only by B phase. The simulated initial B microstructure is shown as Figure 1 below, and
then random orientations are assigned to each parent B grain.

In the parent beta grain structure below, some of the triple junctions do not hold 120°.
It is surmised that there are two reasons for the triple junctions to deviate from the equi-
librium value of 120°: 1) the parent structural map was simulated by Phase-field model
in periodic condition; and 2) the parent map is shown in 2D, which is a cross-section of
the 3D crystallographic structure. Therefore, some of the triple junctions appear to exhibit
a deviatoric dihedral angle.

Figure 1. The initial polycrystalline structure of 16 parent B grains.

4.2. Nucleation without external loading

Figure 2 shows the microstructure evolution of o variants in the nucleation and early
growth stage without applied stress. The parent § grains are set as background in cyan
color (Figure 2 (b)~ (f)). It can be seen that with enough local structural fluctuation by
random noises, small near-spherical variants have nucleated, as pointed out in Figure 2
(a), and then several positions served as nucleation sites (Figure 2 (c)). Later on, those
variants grow into the parent § grains in the shape of needles by following different
growth directions (Figure 2 (c)~ (f)). The orientations of variants from different parent
grains depend on the orientation of the parent grains. Comparing Figure 2 (b)~ (d) with
Figure 1, it is clear that due to the relaxation effect of misfit strain at grain boundaries,
different nuclei appeared at grain boundaries, which is consistent with experimental ob-
servations [50- 52]. It is interesting to mention that only with grain boundary relaxation,
some triple junctions act as prior sites for nucleation, as seen in Figure 2 (b) and (c), but
some other triple grain boundaries and one special quadruplet position in Figure 1 are not
nucleation site. This would be related to the misorientation between parent grains.

In order to illustrate the local stress distribution, the Von Mises equivalent stress is
calculated and shown in Figure 3. It is obvious that during the MT process, the local
stresses are concentrated around o variants. Within the interior of variants, the Von Mises
equivalent stress reaches the minimum value, while the interaction of variants leads to
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increase of local stress (Figure 3 (f)). It is consistent with the stress distribution from Qiu.
et al. [53] that the distribution of local stress around a single variant is symmetrical, and
the variants grow following the direction where the local stress is relatively small around
the tips of a plates, as indicated in Figure 3 (f). it should be mentioned that even in the
early simulation stage, the maximum local equivalent stress is larger than the pre-set yield
stress (880MPa), the local plastic deformation for nucleation is not under consideration

here.
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Figure 2. The nucleation and growth of o variants around grain boundaries with differ-

ent simulation time.
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Figure 3. The distribution of Von Mises equivalent stress corresponding to microstructure in Figure

2.
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(a)

(d)

¥/

1000

time: 0.8032s

4.3. Nucleation with external loading

As studied by Shi and Zhang [34- 35], the external tensile and compressive stresses
have different effect on the microstructure evolution. Here the applied tensile and com-
pressive stresses along the y direction are investigated to study the nucleation around
grain boundaries and results are shown in Figure 4~ 7.

Under applied compressive stress, the variant nucleation occurs earlier than without
applied stress, cf. Figure 4 (b), and the external loading favors the martensitic transfor-
mation by comparing the microstructure in Figure 4 with Figure 3. It is worth to note that
some new variants nucleate at binary grain boundaries as demonstrated in Figure 4 (c)~
(e)) ~which is  different from the  counterpart  without loading.
Figure 5 shows the distribution of local equivalent stress. From
Figure 5 (a) it can be observed that the applied stress induced different stress fields within
different parent grains. The local stresses are concentrated at binary and triple junction
grain boundaries ( Figure 5 (b) and (c)). By checking the
Langevin noise, the amplitude of noise is small enough, thus its effect on the nucleation
event can be ignored compared with the effect of external loading.

The nucleation of variants with applied tensile stress is different from the simulation
with compressive stress, compared Figure 6 and Fig-
ure 7. Similar to conditions with compressive stress, the nucleation and growth of a vari-
ants are favored by external tensile stress, the occurrence of small a nuclei under tensile
load is even earlier than the simulation results under compressive load. A striking differ-
ence between tensile and compressive conditions is that nucleation under tensile load is
not always at grain boundaries, but within the interior of some parent grains, as seen in
Figure 6 (b). Comparing the maps of stress fields in Figure
5 and Figure 7, it is found that the grain boundaries are the sites of stress concentration
from the onset, which induced the formation of transformed o nuclei. With progressing
MT in different parent grains, the local stresses are relaxed with different directions, which
results in the growth of variants in different orientations.

Theoretically, the microstructure evolution during MT follows the path that reduces
the Gibbs free energy of system. In the current study, the chemical free energy and inter-
facial energy are assumed to be isotropic, hence, the elastic strain energy density is con-
sidered to illustrate the distribution of energy in the system, as shown in Figure 8 with
and without external loading. As illustrated by the red ellipses, within the interior of var-
iants, the elastic strain energy reaches minimum values, while the interaction between
different variants increase the local strain energy. The simulated nucleation occurring at
triple junctions is consistent with the results from Xu [54].
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Figure 4. The nucleation and growth of a variants at grain boundaries with applied compressive 399
stress for different simulation times. 400
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Figure 5. The distribution of Von Mises equivalent stress corresponding to microstructure in Figure 4. 402
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Figure 6. The nucleation and growth of o variants at grain boundaries under applied tensile stress for 404
different simulation times. 405
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Figure 7. The distribution of Von Mises equivalent stress corresponding to the microstructures 407
shown in Figure 6. 408
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Figure 8. The distribution of variants and corresponding elastic strain energy with different condi- 410
tions: microstructure at simulation time of 4.0106s in: al: without external loading; bl: with com- 411
pressive stress; c1: with tensile stress; elastic strain energy distribution at simulation time of 4.0106s 412
in: a2: without external loading; b2: with compressive stress; c2: with tensile stress. 413

4.4. Variants growth without external loading 414

Figure 9 shows the growth of variants without plastic deformation or external load- 415
ing. At the onset, due to the sharp interface between pre-set seed of o variants and p matrix, 416
a part of the seed is relaxed into grain boundaries without n3,(r) > 0.5. Therefore, no 417
variant is outlined, cf. Figure 9 (a). With growth of variants, a small rectangular shaped 418



time: 0.2008s

variant appears in the center, cf. Figure 9 (b). Afterwards, the small variant grows into a
cross-star shape, and enhances the occurrence of a second variant (Figure 9 (c)), which is
known as an autocatalytic event, i.e. the new variant can be formed from the untrans-
formed areas because of the high local elastic strain energy introduced by the previous
existing variants [53]. When the variants keep growing into their parent grain and meet
the B grain boundaries, as indicated in Figure 9 (d), new variants can be transformed from
the matrix, but with different orientations from the first ones. With MT progress, more
and more 3 phase matrix volume is transformed in needle shaped martensite grains. It
should be mentioned that the small variants with cross-star shape gradually evolved in a
martensite plate structure. The early variants with cross-star shapes reflect the symmetry
of the misfit strain, but subsequently the interaction between variants break the symmetric
distribution of the local elastic strain energy. As discussed above, the elastic strain energy
within the interior of variants is smallest, which implies that the growth of variants can
decrease the elastic strain energy of the system. Such a martensitic microstructure has
been observed in our previous work (Figure 10) and by other researchers [55- 59]. In gen-
eral, it could be said that there are various sources that may induce microstructural ani-
sotropy: GB energy, mobility and (elastic) eigenstrain anisotropy. In the current work only
the latter type of anisotropy was considered whereas other sources of anisotropy were
ignored. It was proven that by only considering the elastic eigenstrain anisotropy, a nee-
dle-shaped martensitic structure can be simulated. Of course, these results do not exclude
that other sources of anisotropy may have an effect as well. However, this was beyond the
scope of the current work.

A line shown in Figure 9 (c) is selected to display the distribution of 713, elastic strain
energy and Von Mises equivalent stress, cf. Figure 11. It is clear that for the 2 variants from
the 11t parent B grain, the elastic strain energy is almost equal to the f matrix, while the
elastic strain energy is relatively high at the interface, which supports the conclusion that
the MT follows the path that reduces the Gibbs free energy of system.
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Figure 9. The growth of o variants from a pre-set seed without plastic deformation for different
simulation times.
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Figure 10. The observed martensitic microstructure with Selective Laser Melted Ti-6Al-4V.
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Figure 11. The distribution of of 13, elastic strain energy and Von Mises equivalent stress along
the vector ¢ in Figure 9.

4.4. Variants growth with external loading

Figure 12 displays the microstructure and distribution of elastic strain energy density
under tensile and compressive load. Note that in order to study the effect of an external
load on microstructure evolution with a multi-crystalline system, the misfit strain relaxa-
tion at grain boundaries is not taken into consideration here. It is clear that the applied
stress has different effects on variant growth in the early stage of martensitic transfor-
mation for different parent 3 grains. By comparing Figure 12 with Figure 9, the difference
of microstructure at the same simulation times implies that the external loading favors the
MT kinetics, which can be explained by the interaction between applied stress and local
elastic strain. Without applied stress, the nucleation and growth of new variants are
driven by the accumulation of local elastic strain and stress. Even for the transformation
in the adjacent parent grain, the new nucleus can occur only when the local elastic strain
is beyond a critical value. But for the phase transformation under external load, the local
elastic strain can work synergistically with the applied stress, which induces the
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nucleation and growth of new variants in different parent 8 grains, while in some other f
grains with different crystallographic orientation, nucleation and growth events are sup-
pressed, as shown by the distribution of elastic strain energy. The induced variants by this
interplay between applied stress and local strain are simulated and observed in Fe-0.3%C
and other alloys [60- 61].
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Figure 12. The microstructure and distribution of elastic strain energy with (a) tensile and (b) com- 474
pressive stresses.
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4.5. Variants growth with plastic deformation and strain hardening

Figure 13 and Figure 14 show the microstructure and equivalent plastic strain with
simulation conditions of local plastic deformation, strain hardening and applied tensile
load, respectively. With the local relaxation of elastic strain, the morphology of variants
gradually change by assuming a coarse deviating from the initial plate shape, cf. ellipses
in Figure 13 (d). Due to the small plastic kinetic coefficient in Eq. (21), the coarse growth
of variants is not very obvious compared with simulation without plastic deformation,
which implies that the plastic kinetic coefficient and plastic deformation should be con-
sidered during simulation of the MT. In the current work, the § matrix is assumed not to
be plastically deformed, thus, no equivalent plastic strain is induced in the 3 matrix, which
is different from earlier work by Yamanaka [28].

Figure 14 demonstrates the final microstructure with effect of plastic deformation
combined with strain hardening and tensile stress. Compared with Figure 13 (h), the local
equivalent plastic strain is mostly concentrated at the o grain boundaries (Figure 14 (f)),
while the plastic strain is more evenly distributed within the interior of a grains. This is
because the mixed microstructure with a variants and  matrix is included in the modified
Hall-Petch relationship (Eq. (26a)). Hence, the local equivalent plastic strain is higher
around the interfacial region between a variants and  matrix, which would be the reason
that small cracks are initiated around grain boundaries [30]. Similar to the simulation in
Figure 9 (a), the effect of external tensile load is more obvious than the consideration of
plastic deformation and strain hardening, cf. Figure 14 (d). The selected areas imply the
different effect of tensile load on MT for different parent B grains, but the effect is rela-
tively complex due to the different grain size, shape and crystallographic orientation [31,
33, 59].

The volume fraction of variants in different simulation conditions are shown in Fig-
ure 15 and Figure 16. The volume fractions of different variants from different parent
grains (cf. Figure 15) indicate clearly the influence of applied condition on the formation
of the microstructure. But different from Shi and Wang [16, 35], in the present work the
total volume fractions of variant 1 and 2 within 16 parent grains remains almost the same
with different conditions, which is consistent with Malik [60]. Because of the small plastic
deformation relaxation and simulation time, ~30% [ matrix is retained, but with proper
plastic kinetic coefficient and boundary condition, the MT should be finished without 8
matrix in microstructure within the delay considered here [62].
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Figure 13. The microstructure and distribution of equivalent plastic strain with plastic deformation. 511
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Figure 16. The total volume fraction of variant 1 and 2 for different simulations.

5. Conclusions

In the current work, phase field modelling is employed to study the microstructure
evolution during phase transformation in Ti64 alloy under different conditions. It is con-
cluded that the nucleation and growth of product a variants during martensitic transfor-
mation can be predicted in 2D and 3D dimensions, the local strain and stress distribution
can be calculated.

In terms of nucleation at grain boundaries, the results allow to conclude that the grain
boundary plays a key role through partially relaxing the transformation strain during MT,
and the simulation of variant nucleation is consistent with observed nucleation event. The
external loading can favor the occurrence of new variants at grain boundaries, but the
effect of applied compressive stress is more obvious at triple junction points.

Regarding the plastic deformation during martensite growth, the relaxation of plastic
strain should be considered, which induces coarsening of variants. The relatively large
plastic strain can favor the MT procedure by reducing the local elastic strain. The external
loading interacts with the local strain and induces the nucleation of variants through de-
creasing the local elastic strain energy, but for different parent grains with different ori-
entations, the effect is different.

Supplementary Materials: Video S1: microstructure evolution of nucleation of 2 variants without
external loading in 2D; Video S2: microstructure evolution of nucleation of 2 variants with applied
compressive stress in 2D; Video S3: microstructure evolution of nucleation of 2 variants with applied
tensile stress in 2D; Video S4: microstructure evolution of variants growth without plastic defor-
mation in 2D; Video S5: microstructure evolution of variants growth with plastic deformation, strain
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hardening and applied tensile stress in 2D; Video S6: microstructure evolution of variants growth
without plastic deformation, strain hardening or applied tensile stress in 3D;
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draft preparation, H. Xiang writing—review and editing, L. A.I. Kestens and W. Van Paepegem;
supervision, L. A.I. Kestens and W. Van Paepegem; All authors have read and agreed to the pub-
lished version of the manuscript.
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